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RESEARCH MEMORANDUM

AN ANALYSIS OF THE PRESSURE DISTRIBUTION MEASURED ON A

BODY OF REVOLUTION AT TRANSONIC SPEEIX3EN THE

SLOTTED TEST SECTION OF THE LANGLEY

8-FOOT TRANSONIC T-t

By Bruce B. Estabrooks

The pressure
in this paper for

distributions reported in NACA RM L51105 are analyzed
the effects of Mach number and angle of attack on

normal force; pitching mment, and pressure drag. The results obtained
from the pressure-distribution data indicate that the normal-force and
pitching-moment characteristics of the body of revolution were nearly
independent of Mach number effects at moderate angles of attack. A
marked increase in pressuxe drag occurred at all angles of attack when
the Mach number was increased above 0.99. The positive loading on the
body increased considerably over the forward sections and spread rear-
ward with increase in angle of attack from 8° to 20° at all Mach nunibers.
The center of pressure.of the body moved rearward with increase in-angle
of attack, and its location was nearly independent of Mach number effects.
The normal-force and pitching-moment characteristics predicted by the
theoretical method of NACA RM A9126 are in fair agreement with the
experimental results of this report at the lower angles of attack.
Separation of the flow over the upper surface of the body caused the
experimental characteristics to-deviate from the theoretical character-
istics in the high tingle-of-attackrange of

INTRODUCTION

f Durin’gthe last several years a number

w to 20:.

of papers have been published.— —
references 1 to 4, which present and analyze the pressures about various

.

bodies of revolution in both the subsonic and supersonic speed ranges.
There has, howenrj been Iittle or no wind-tunnel data presented in the
transonic speed range because of the lack of such a test facility. Recent
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modifications (ref. 5) of the Langley 8-foot transonic tunnel test sec-
tion have made it possible to obtain aerodynamic data at Mach numbers
through the speed of sound without the usual effects of choking and
blockage. The pressure distribution on a body of re,voltiionwas inves-
tigated in this transonic test section at Mach nunibersthrough the I
transonic speed range for various angles of attack. The pressure dis-
tributions obtained have been presented in reference 6 with a brief
discussion of the more significant indications obtained from these basic
pressure distributions. A more complete analysis of the pressure dis-
tributions was undertaken here to provide a further understanding of

.

the (characteristicsof transonic flow.-

A body frontal area

body section diameterd

z

body maxiinnnsection diameter

length of body sections parallel to the vertical plane ,
of symmetry

i average ‘lengthof,body sections parallel to the vertical
plane of symmetry”

L total length of body

M free-stream Mach number

local static pressureP

PO free-stream static pressuie

P-PO
pressure coefficient,

q
P

Pav

P=o

AP

average pressure coefficient of a body cross section

pressure coefficient at zero angle of attack

incremental pressure coefficient
attack, P - P-+

E-

due to angle of

.

,.
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free-stream dynamic pressure, ;PV2~

R
pvL

Reynolds number, —
P

r body section radius

v free-stream velocity

x distance measured along longitudinal axis of body
I

Y distance measured perpendicular to vertical plane of
symmetry

3

a angle of attack of body center line

e model cylindrical coordinate

P free-stream mass density

P free-stream coefficient of viscosity

v’ ratio of the drag coefficient of a circul+r cylinder of
finite length to that of a cylinder of infinite length
(note ref. 7)

The coefficients are defined as follows:

c& drag coefficient which would be experienced by a circular
cylinder section of radius r at Reynolds number and
Mach number based upon the diameter and the cross com-
ponent of velocity (note ref. 7)

Cn body cross-section normal-force coefficient,

Z (% Q)@ - .

Cns

CN

body longitudinal section normal-force coefficient,

normal-force coefficient based on body frental area

\.. —- . .. - . . . ..— ..—-.——..-. .-— -.—— .—-—— -...—. -—-. — -.--—- -----
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% ‘body pitching-moment coefficient about 60 percent body
station based on body frontal area and body tot~ length

@p pressure-drag coefficient based on body frental area

Subscripts: -

cr critical

L lower surface of body (6J=
(note fig. 2)

u upper surface of body (6 =
(note fig. 2)

s body longitudinal section

APPARMCUS m

2700 + 0° + 900)

90° + 180° +270°)

METHOIE

Tunnel

The pressure-distribution investigation was conducted in the Langley
8-foot transonic tunnel, which is a dodecagonal, slotted-throat, single-
return wind tunnel designed for continuous operation through the speed
of sound up to a Mach number of 1.13, reference 5. The flow was uniform
in the vicinity of the model throughout the speed range. DeviatioM
from the free-stream Mach nuaiberin the region occupiedby the model did
not exceed 0.003 at Mach numbers up to 1.02. At Mach numbers from 1.11
to 1.13 the deviations did not exceed 0.008 (ref. 8). The flow in the
tunnel had an angularity of
of attack which compensated

The body of revolution
eral transonic fuselage and

0.100 ~d all data were obtained at -es
for

was

this angularity.

Model

designed with the ordinates of the gen-
is the same nmdel used in the investigation

reported in reference 1. The model @d circular cross sections ~d a
basic fineness ratio of 12,.although an actual fineness ratio of 10 was
obtained after cutting off the rear one-sixth of the body to attach the
sting. The model ordinates are pre~ented in figure 1. Static-pressure
orifices were distributed along six meridians on the body, as shown in
figure 2. The average Reynolds nuder, figure 3, for this investigation

varied from 9.28 X 106 to 1.1.23X 106 when based on the total body length
of 33.333 inches.

.
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Reduction of Data

The pressure-coefficient data for the Mach numbers and angles of
attack covered in this report have been presented in reference 6. T&
pressure coefficients for the body of revolution are estimated to be
accurate within ~0.006. The angle of attack of the model was peaaured
to within tO.10o by a cathetometer.

At Mach numbers from 1.02 to 1.11, the effects of reflected dis-
turbance waves on the model surface pressure become significant.
Accordingly, no data weie taken in-that Mach nuniberrange; in the final
plots of the results (figs. 12, 14, 16, and 17) the curves are shown
as dashed lines in this range of Mach numbers.

The normal-force, pitching-moment, and pressure-drag coefficients
were obtained from inte~ations of the experimental pressure-coefficient
data. It was assumed that the pressuxe distributions were symmetrical
about the body for these integrations. The theoretical cross-section
normal-force coefficients, normal-force coefficients, pitching-moment
coefficients, and center-of-pressure location have been computed by the
method of reference 7. Average values of q = 0.68 and c+ = 1.2,

selected from figures of reference 7, were used for the theoretical
calculations’.

RESULTS AND DISCUSSION

Pressure Distributions

Zero angle of attack.- Referring to the pressure distribtiions, ,

figure 4, it is noted that increasing the Mach number from 0.89 to 0.97
increased the level of the negative pressure coefficients along the
body. At the Mach number of 0.97, supersonic velocities are indicated.
along the body from the 25-p=ercent-body-lengthposition to approximately
the 85-percent-body-len@h position. With the Mach nuniberincreased to
0.99, the presence of a shock is indicated at approximately the
87-percent-body-length position%y the rapid increase in pressure coef-
ficient at the beginning of the region of compression near the base
of the model. With increase in Mach number to 1.02, the shock moved
downstream to approximately”the 91 percent body station and the region
of the body affected by local supersonic flow increased. Further
increases in Mach nuniberto 1.11 and 1.13 resulted in a continued rear-
ward movement of the shock on the model,and rearward spread of the
region of negative pressure coefficients. At the same time the level
of the negative pressure coefficients decreased.
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Angle of attack.- The pressure distributions along the body for

a Mach number of 0.99 and an angle of attack range from 4° to 20° are
presented in figure 5 in order to illustrate the effect of angle-of-
attack variation on the pressure distributions at a constant Mach
number. When the angle of attack was increased from 4° to 20°, the
level of the negative pressure coefficients over the upp=r surface of
the rear section of the body remained relatively high. This independ-
ence of the negative pressure coefficients over the rearward sections
to angle-of-attack change is indicative of flow separation. The pres-
sure coefficients over.the upper surface of the nose became more nega-
tive with increase in angle of attack and at the same time, the region
of supersonic flow over the upper surface spread forward. The pressure
coefficients over the lower surface in the vicinity of the 0° meridian
of the nose of the body became nmre positive and the rate of pressure
drop along the lower surface (0° meridian) of the body from the nose
to the region of compression at the rear sections increased when the
angle of attack increased from 4° to 20° at all of the Mach numbers.

b order to illustrate the effect of Mach nuniber‘onthe pressure
distributions at constant angle of attack, the pressure distributions
for an angle of attack of 8° at several representative lfachnumbers
are presented in figure 6. Indication of supercritical conditions of
local flow over most of the central portion of the body at a Mach number
of 0.97 may be seen in figure 6(a). When the Mach number was increased
to 0.99, figure 6(b), the supersonic region over the body increased and
a negative pressure coefficient peak developed over the lower surface
‘in the region of expansion upstream of the shock. The shock is recog-
nizable from the pressure distributions at the upstream extremity of
the region of compression near the base of the model. As the Mach nuniber
was increased to 1.02, figure 6(c), the level of the negative pressure
coefficients over the rear of the body increased and the shock that
terminated the region of relati~ly high negative pressure coefficients
moved rearward. With increase in Mach nuder to 1.11, figure 6(d), the
shock continued to move downstream and the region of negative pressure
coefficients spread rearward. Increasing the Mach nunber above 1.02
decreased the level of the negative pressure coefficients, although the
region of the body affected by local supersonic flow increased.

The incremental pressure coefficients due to angle of attack obtained
from the experimental pressure distributions are”compared with the theo-
retical incremental pressure coefficients obtained by the method of ref-
erence 9 in figure 7 as a function of the angular coordinate around the
body. The incremental pressure coefficient is defined as the change in
value of the pressure coefficient at any station resulting from the
variation of angle of attack from OO. T@ incremental pressure data ,
are presented for all angles of attack at several representative body
stations and Mach numbers. The experimental incremental-pressuredata

.
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at all angles of attack were generally independent of Mach number as
predicted by theory. The presence of a shock in the vicinity of the
91.5 percent body station at a Mach number of 1.02 caused+he experi- ~
mental incremental pressure coefficients at t~is station and.1.lath
number to vary from the values ihdicated at the other Mach numbers and
predictedby theory.

The incremental pressure coefficients on the lower surface of the
body are in good agreement with the theory for the angles of attack pre-
sented. The theory indicates that the pressure recovery over the upper
surface of the body increases where the section radii are decreasing
with distance along the body and as the angle of attack increases. w
figure 7(a), an indication of cross-flow separation, characterizedby
the incremental-pressure-coefficientgradient of the experimental data
becoming nearly zero, is noted over the upper surface at the 91.5 per-
cent body station. As the angle of attack was increasedto 8°, fig-
ure 7(b), the region of separated flow moved forward to the 73.5 percent
body station and downward along the sides of,the body towsrd thg 90°
cylindrical coordinate position at the 91”.5percent body station. At”
an angle of attack of 120, figure 7(c), the cross-flow separation moved
forward along the body to the vicinity of the 61.5-percent body station.
The incremental pressure distributions tn figure 7(d) indicatethat the
region of cross-flow separation moved forward to the vicinity of the
nose of the body and downward to the vicinity of the 75° cylindrical ,
coordinate position over the rear,half of the body. The subsequent
decrease in incremental pressure coefficients to less than that pre-
dicted by theory over the topside of the body is associated with the
formation of vorticity over the upper surface of the body. Previous
investigations have established the fact that .twosymmetrically disposed
vortices are formed on the upper side of bodies of revolution at moderate
angles of attack with the vottex cores alined approximately with the free
air stream,reference 2.

Loading CWacteristics

Lateral load distributions.- The lateral load distributions over the

are presented in figure 8. The longitudinal-sectionnormal-forcebody
coefficients were obtained for six sections parallel to the model vertical
plane of symmetry. For the Mach nunibersinvestigated, as the angle of
attack was increased to 20°, the loading over the inboard region of the ‘
body was increased by approximately equal increments. At the same time
the outboard regionp of the body experienced a decrease in loading which
became negative at an angle of atlxickof 8° for Mach numbers from 0.89
to 1.02 and at an angle of attack of 12° for Mach nuders of 1.11 and 1.13.
The increase of the loading over the inboard region of the body with’
increase in angle ofattack was contributed to by the trend toward more

.

.- ..%.- . ..-A+Ilm@
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positive pressure coefficients on the
,thenose and the increase in negative

, region of the 1800 mridian.

lower surface (OO.meridian) of
pressure coefficients in the

Longitudinal load distributions.- The longitudinal load distribu-

tions for all of the Mach numbers, figure 9, indicate that the loading
over the forward section of the body increased and the region of posi-
tive loading shifted rearward with increase in angle of attack from 8°
to 20°. The increase of the load over the fuselage forward sections
was associated with the same trends of the pressure coefficients over
the forward sections noted in the discussion of the lateral load dis-
tributions. The’spread of the region of separated flow over the central
sections of the body upper surface with increase in angle of attack con-
tributed to the rearward spread of the region of positive loading over
the body.

Center o-fpressuxe.- The increase and rearward spread of ‘theposi-

tive load over the model along with the essentially constant negative
load over the rear of the model with increase in angle of attack for all
of the Mach numbers resulted in a rearward shtit of the center of pres-
suxe of the load as shown in figure 10. As the angle of attack was
increased from 4° to 20°, the center of pressure moved from a position
approximately 28 percent body length in front of the body to a position
26 percent body length behind the nose of the body. The experimental

.

locations of the center of pressure were slightly more rearward of the
location predicted by theory. The center of pressure varied a maximum
of 10 percent and 5 percent body length at a@es of attack of 4° and 8°,
respectively, over the Mach number range. Mach number effects at angles
of attack of 12° and 20° were negligible.

.

Normal-Force Characteristics . a

The longitudinal distributions of the cross-sectional normal-force
coefficients are presented in figure 11 along with the corresponding
theoretical coefficients comptiedby the method of reference 7. Mach
number effects on the cross-sectional normal-force coefficients were
negligible for all the body sections except where the presence of the
local shock caused variations in the normal-force coefficients for sec-
tions near the model base.

The experimental cross-sectional normal-force distributions agree
very well with the distributions predicted by the method of reference 7
at angles of attack up to IZO, except where separation of the flow over
the upper surface of the bodj existed. At the highest angle of attack
of 20:, the predicted normal=force coefficients were more positive over
the forward sections of the body than the experimental normal-force .

—-
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coefficients. This resulted
cross-flow drag coefficient

@EiiwxL:J-..-—- .“
9

from the theoretical assumption that the

cdc was constant along the body, whereas

the experimental cross-flow drag coefficient probably varied from ne~ly
zero at the nose to a value greater thanthe theoretical cross-flow drag
coefficient over the rearward sections of the body due to separated flow
conditions over the model upper surface.

The variation of normal-force coefficient with Mach number and angle
of attack is presented in figure 12. The normal-force coefficients,
based on body frontal area, were obtained by integration of the longitu-
dinal loading curves, figure 9. The normal-force coefficients obtained
from the investigation of this body in the solid-nozzle test section of
the Langley 8-foot transonic tunnel (ref. 1) are also shown in figure 12.
The discrepancies between the normal-force coefficients of the two inves-
tigations may have been caused to some extent by differences in surface
conditions of the body affecting the etient of the separated-flow region.
The normal-force coefficient for the body exhibited little change with
increase in Mach nuniberthrough the tranponic speed range for the angle-
of-attack range investigated. The normal-force coefficient at constant
angle of attack varied a maximum of 0.04 at angles of attack from 4°
to 12° and increased from 0.87 to 1.03 at an angle of attack of 20°
with increase in Mach number through the transonic speed range.

The normal-force coefficients for the Mach”numbers investigated
are compared with the theoretical normal-force coefficients as a func-
tion of angle of attack in figure 13. For the Mach numbers investigated,
the slope of the normal-force curve remained nearly constant in the
range of angles of attack from 8° to 200. The experimental normal-force
coefficients were adequately predicted by the theory at all Mach numbers
for 4° angle of attack. As the angle of attack was increased to 12°
and 20°, the effect of assuming a constant cross-flow drag coefficient c%

along the body in the theoretical calculation contribtied to an overestima-
tion of the normal force. At an angle of attack of 20°, the predicted
normal-force coefficient was as much aEO.30 more positive than that
obtained from experiment.

The normal-force coefficients obtained from a pressure-distribution
investigation on this body and a force investigation of-a similar model
in the solid-nozzle test section of the Langley 8-foot high-speed tunnel
have been compared in reference 1. Since it ks been concluded h ref-
erence 1 that the normal-force results obtained from the two types of
investigations are in good agreement, no comparisons have been made
herein.

a!!!!EEE!E?Y
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Pitching-Moment Characteristics

The variation with Mach number of the pitching-moment coefficients
of the body iS presented in fi~e 14. The pitching-moment coefficients,
with the axis of moments at the 60 percent body station, are based on the
frontal area and the total length of the body. Also shown in fi~e 14
are the pitching-moment coefficient of the body obtained from reference 1
for angles of attack from 4° to 12° and Mach numbers from 0.60 to 0.96
and a supersonic Mach number of 1.2. The discrepancies between the
pitching-moment coefficients of the two investigations may have been
caused by differences in surface conditions of the body affecting the
etient of the separated flow region. Since reference 1 included com-
parisons between the pitching-moment coefficients obtained from a pres-
sure investigation and a force investigation on a similar body of revo-
lution and concluded that there is good agreement between the results
obtained from the two types
made herein.

Mach number effects on
through the transonic speed
variations with Mach number

of investigations, no comparisons have been

the pitching-moment coefficients were small J
range. As shown in figure 14, the maximum
in pitching-moment coefficient are’O.02 at

constant angle of attack between k“and 12° and 0..03at a’ angle of
attack of 20°.

.

The variation with angle of attack of the experimental pitching-
moment coefficients for all the Mach numbers is presented in figure 15. t

The pitching-moment coefficients became more positive with increase
in angle of attack from 4° to 20° because of the increase in load over
the forward section of the body with increase in angle of attack noted
in the discussion of the longitudinal load distributions, figure 9.
The variation of the slope of the pitching-moment curve was negligible
for all Mach numbers. The theoretical pitching-moment coefficients
calculated by the method of reference 7 are also presented in figure 15.
The theory predicted the pitching moment within reasonable accuracy at
angles of attack of 4° and 80, but as the angle of attack was increased
to 20°, the theory overestimated the pitching-moment coefficient by a
maximum of o1o6.

The variation with
the angles of attack is
of reference 1 are also

Drag Characteristics

Mach number of the body pressure drag
presented in figure 16. The pressure
shown in figure 16.,

at all of
drag data

The body-pressure-drag-coefficientvariation at all of the angles “
of attack was small (0.02 maximum) with increase in Mach number fr~m 0.89
to 0.99. As the Mach number was Increased from 0.99 to 1.02, a substantial .
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. increase in &essure-drag coefficient occurred at all the angles of
attack. This increase in pressure drag was due to the positive trend ‘
of the pressure coefficients over the nose of the body, the increase
in the level of the negative pressure coefficients over the rear of
the body, and the rearward movement of the local shock located near the
base of the model. As the Mach number was increased from 1.02 to 1.13,
the body pressun drag increased slightly at all the angles of attack,
but without the abruptness noted with the increase-in Mach number from .
0.99 to 1.02. The slight increase in pressure drag-at Mach numbers
above 1.02 was associated with the rearward movement toward the model
base of the local shock and rearward spread of the region of negative
pressure coefficients.

The body pressure-drag coefficients at zero angle of attack are
compared in figure 17 with the pressure drag obtained from free-fall
tests, reference 3. Also presented in figure 17 are the pressure-drag-
coefficients of the forebody (the portion of the body forward of the
maximum body diameter). The body pressure-drag coefficients obtained
from the two investigations are nearly zero at Mach nunibersfrom 0.89
to 0.99. Both investigations indicate that the body pressure-drag
coefficients increased abruptly when the Mach number was increased
above 0.99 with the free-fall body pressure-drag coefficients increasing
approximately 0.020 more than the tunnel pressure-drag coefficients at
Mach numbers of 1.02 and above. The discrepancies between the body
drag coefficients at Mach numbers from 0.99 to 1.02 may be due to the
effect of the reflected shock slightly upstream of the maximum-thichess
region of the body (ref. 8). The drag differences at Mach numbers of 1.11
and 1.13 could be attributed to differences in body shape or to possible
inadequacies in sting-support tare corrections.

The pressure-drag coefficients of the body and the forebody were
approximately zero at Mach numbers from 0.89 to 0.99. When the Mach
number was increased to 1.02, the forebody was responsible for 60 per-
cent of the total rise in body pressure drag. At Mach numbers above 1.02,
the forebody pressure drag remsined ’nearlyconstant w~le the body pres-
sure drag continued to increase slightly. The increase of body pressure
drag above 1.02 was contributed to by the rearward spread of the region
of negative pressure coefficients over the rear sections of the body
with increase in Mach number.

CONCLUSIONS

of
The results of the pressure-distribution investigation of a body

revolution of fineness ratio 10 indicate that:

,
—.-. — --——. ..-. —-—-————. ——.—— _—. — .—. . —- —
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body pressure-drag coefficient increased considerably with
Mach numiberfrom 0.99 to 1.02 at all angles of attack. At
attack the forebody was responsible for approximately 60 per-
total rise in body pressure drag as the Mach number was

increased from 0.99 to 1.02.

2. The positive loading on the body increased considerably over the
forward sections of the body and spread re’hrwardwith increase in angle
of attack from 8° to 200 at all Mach numbers.

3. The body center of pr-=u’e shifted rearward from a position
approximately 28 percent body length in front of the nose to a position
26 percent body length behind the nose with increase in angle of attack
from 4° to 20°. The location of the center of pressure was nearly inde-
pendent of Mach number effects.,.

h. The lateral load distributions on the body exhibited a large
increase in loading over the inboard region and a decrease in loading
over the outboard region of the body with increase in angle of attack
from 4° to 20° at all Mach numbers.

.

5. The normal-force and pitching-moment characteristics predicted
by the theoretical method of NACA RMA9126 are in fair agreement with
the results of this investigation at the lower angles of attack.
Separation of the flow over the body upper surface caused some dis-
crepancies between the theoretical and experimental characteristics in
‘thehigh angle-of-attack range of 12° to 20°.

6. Normal-force and pitching-mo~nt characteristics of this body
remained relatively constant with increase in Mach number through the
transonic speed range at low angles of attack. At 20° angle of attack
maximum variations of 0.16 in normal-force coefficient and O.O3 in
pitching-nmment coefficient occurred with increase in Mach number from
0.89 to 1.12.

Langley Aeronautical Laboratory “
National Advisory Committee for Aeronautics

Langley Field, Va. ,.
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